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ACCORDING to the classic view of blood pressure control, reflexes initiated by the arterial baroreceptors maintain arterial pressure at its normal level. A decrease in impulses travelling from these recep-tors into the medullary cardiovascular control centers causes vasomotor and cardiac changes which raise arterial pressure. Thus, chronic denervation of arterial (carotid and aortic) baroreceptors should produce maintained hypertension (Heymans and Neil, 1958) . The effects of chronic baroreceptor denervation have been studied in rats (Krieger, 1964) , rabbits (Green et al., 1935; Boyd and Mc-Cullagh, 1938; Alexander and DeCuir, 1966) , cats (Kremer et al., 1933; Guazzi and Zanchetti, 1965) , and dogs over several decades. In the dog, hyper-tension has followed baroreceptor denervation in many studies (Nowak, 1940; Grimson, 1941; Schafer, 1944; McCubbin and Page, 1951; Dammin et al., 1956; Ferrario et al., 1969; McRitchie et al., 1976 ), but has not been seen in others (Koch and Mattonet, 1934; Goldblatt et al., 1940; Liard et al., 1974) . Cowley and co-workers (1973) reported a small but significant (11 mm Hg) rise in pressure after arterial baroreceptor denervation in dogs studied over a 24-hour recording period. In a subsequent publication, Cowley (1976) summarized the results of several studies from his laboratory and reported that there was no increase in pressure after arterial baroreceptor denervation.
A number of factors might explain these conflicting findings. Most important is the distribution of arterial, particularly aortic, baroreceptors, which makes selective and complete denervation difficult. Carotid baroreceptors lie at the carotid bifurcations (Heymans and Neil, 1958) and can be denervated easily by cutting the sinus nerve, by clearing away the tissue surrounding the bifurcations, or by excising the bifurcations.
The aortic baroreceptors lie mainly in three locations (Coleridge et al, 1973) : (1) in the region of the aortic arch, (2) at the junction of the right common carotid and right subclavian arteries, and (3) at the origin of the aorta. Aortic baroreceptors also may be present on other blood vessels (Heymans and Neil, 1958; Coleridge et al., 1973; Ito and Scher, 1973) . Although complete aortic baroreceptor denervation would follow section of both vagosympathetic trunks, section of vagal fibers to the esophagus and stomach in the dog leads to achalasia, vomiting, and death. Thus, vagotomized dogs cannot be used for chronic studies.
Bilateral vagotomy would denervate many other structures in addition to aortic baroreceptors, including efferent as well as afferent fibers that innervate the heart, pulmonary vessels, and lungs. Receptors from these nonarterial structures are referred to as cardiopulmonary receptors (Donald and Shepherd, 1978) .
A number of surgical procedures have been devised in efforts to denervate the aortic baroreceptors. Section of the cervical aortic nerves has been considered to denervate all aortic baroreceptors [Edis and Shepherd, 1971; McRitchie et al., 1976 (13 of 25 dogs)]. However, there are surviving aortic baroreceptor afferent paths in the main cervical vagal trunk after this procedure (Koch, 1931; Heymans and Neil, 1958; Ito and Scher, 1973) , and these can initiate reflex responses (Ito and Scher, 1974) . Procedures that can produce more extensive denervation of aortic baroreceptors are: (1) sectioning all vagal branches that run to intrathoracic blood vessels, (2) removing all nerve fibers from intrathoracic arterial blood vessels, (3) combining the first procedure on one side with contralateral vagotomy. Each procedure may fail to interrupt some aortic baroreceptor fibers, and each will interrupt other afferent and efferent fibers in addition to those from aortic baroreceptors.
The nucleus tractus solitarii is the site of the first synapse of the baroreceptor fibers (Reis and Doba, 1974) . Bilateral lesions of this nucleus produce hypertension in the dog and cat (Nathan and Reis, 1977; Laubie and Schmitt, 1979) and will be discussed below.
Blood pressure can be influenced by other factors. These include psychological stimuli, pain, the time of day at which records are taken (Cowley et al., 1973) , and duration of recording sessions. Following denervation, pressure changes with time. In the studies of Thomas (1944) , pressure rose immediately upon denervation of the baroreceptors, then fell, often to near normal levels, and then rose over several days to hypertensive levels. Thus, the longterm effect of baroreceptor denervation can be assessed only after transient effects of surgery have disappeared. Long recording sessions at the same time of day, repeated over an extended period of time, with recording procedures which do not alter pressure, appear necessary. In prior studies, these factors have not always been considered. Our recording procedures are designed to eliminate errors in the estimation of pressure. Our animals were studied well after surgery, in a quiet room to which they had become accustomed, at the same time of day during many long recording sessions. Day-today changes in pressure become small under these circumstances. Psychological stimuli and pain were minimized or eliminated.
We have studied the effects of section of carotid sinus nerves alone (Ito and Scher, 1978) and of section of the cervical aortic nerves and intrathoracic vagal branches (Ito and Scher, 1979) in the unanesthetized dog. In the latter study, carotid sinus receptors were not denervated. In this paper, we report the effects of two surgical procedures that have been considered to interrupt all arterial baroreceptor fibers. In the first, the carotid sinuses were denervated and the cervical aortic nerves were sectioned in the neck. In the second, carotid sinus denervation was combined with extensive section of intrathoracic vagal branches.
Methods
Twenty-three healthy mongrel dogs of both sexes, weighing between 16 and 27 kg, were studied. Prior to baroreceptor denervation, the animals were subjected to preparatory surgery, during which one common carotid artery was placed in a skin tube, the other carotid artery was moved to a subcutaneous position, and the vagosympathetic trunks were placed in separate skin tubes. In addition, the common carotid arteries were separated from surrounding tissue to denervate any arterial receptors along their length. The animals then were trained to remain quietly in a Pavlov stand for several hours. Several recording sessions then were conducted over several weeks to establish the animals' VOL. 48, No. 4, APRIL 1981 control arterial pressure. These recordings were repeated after each surgical procedure. This study reports only the changes in pressure after the "complete" denervation procedures described below.
Baroreceptor Denervation
The carotid sinuses were denervated by transecting the carotid sinus nerves near their junction with the glossopharyngeal nerve. The nerves were identified by recording their spike discharge (Ito and Scher, 1974) . In addition, the carotid sinuses and vessels that originate in that region were separated from all surrounding tissue, and phenol was applied to the carotid bifurcation.
Two procedures were employed to denervate aortic baroreceptors. In one, both cervical aortic nerves were identified by recording their firing patterns and then were sectioned. In the second procedure, the intrathoracic vagosympathetic trunks were exposed through a left thoracotomy, and the intrathoracic vagal branches on the left side were transected down to 1 cm below the caudal margin of the aortic arch. In addition, the right thoracic vagus nerve was cut below its junction with the right recurrent nerve, as were thoracic vagal branches that join the recurrent nerve and branches that run to the origin of the right subclavian artery. This procedure has been described (Ito and Scher, 1979) . As discussed below, some animals were subjected to both aortic denervation procedures in the sequence in which they are listed above. The second procedure for denervation of aortic baroreceptors also denervates most of the cardiopulmonary receptors which send afferent fibers centrally in the vagus nerve (Donald and Shepherd, 1978) .
Recording Procedures
All studies were conducted with the dogs resting in a Pavlov stand. Arterial blood pressure was measured with a Teflon catheter connected to a P37A Statham transducer. The catheter was inserted percutaneously into the carotid artery and the tip was advanced to the aortic arch. No anesthetic was needed for catheterization (the procedure produced no discomfort). Heart rate was measured by a cardiotachometer triggered from the arterial pressure signal. Respiratory rate was measured with a pneumotachometer and a flexible chest tube. Mean blood pressure during each heart beat (beat mean arterial pressure) was determined by an on-line computer. Aortic pressure, mean arterial pressure, heart rate, and respiratory rate were monitored continuously on a Beckman recorder, and the values of these were stored simultaneously on magnetic tape by the computer. Histograms of beat mean arterial pressure, heart rate, and respiratory rate were assembled on-line over 75 continuous minutes during each recording session. Mean values and standard deviations of these variables were calculated immediately after each recording ses-sion. These procedures have been described (Ito and Scher, 1978) .
Experimental Protocol
Four to seven control recording sessions were conducted on each animal, starting about 2 weeks after the preparatory surgery. All sessions started within one-half hour of 9 a.m. During the first 75 minutes of each recording session, histograms of beat mean arterial pressure, heart rate, and respiratory rate were compiled while the animal remained quietly in the Pavlov stand. Changes in blood pressure and heart rate were then noted following (1) carotid artery occlusion and (2) intraaortic administration of a bolus each of nitroglycerin and phenylephrine. These procedures were used to test for baroreceptor reflexes and are described in more detail below. When the average values of all variables had become stable (after several recording sessions 3-7 days apart), either the carotid sinus baroreceptors or the aortic baroreceptors were denervated, and the dogs were studied again Scher, 1978, 1979) . In a subsequent surgical procedure, we interrupted the remaining baroreceptor fibers to complete the denervation as described above, and then conducted 10-30 additional recording sessions on each animal. Six animals had carotid sinus denervation first, followed by cervical aortic section and later by section of vagal branches. In another six, the first two procedures were reversed. In an additional five animals, the vagal branches were sectioned first and the carotid sinuses denervated second. Although there were differences between the animals with the two aortic baroreceptor denervation procedures, within each surgical group there were no significant differences in mean arterial pressure that depended on the sequence of surgical procedures.
These denervation procedures produced 12 dogs with carotid sinus plus cervical aortic denervation (sino-cervical aortic denervation), and five in which carotid sir-us denervation was combined with section of intrathoracic vagal branches. After arterial pressure had become stable at this stage, all 12 animals in the group with sino-cervical aortic denervation w jre subjected to section of intrathoracic vagal branches. The surgical procedure was successful in six of these dogs, and these animals are included in the second group, from which they are statistically indistinguishable. Animals were eliminated from the study due to our inability to locate either one or both cervical aortic nerves, to death during surgery, or to gastrointestinal problems following section of vagal branches.
Tests for Denervation
Tests for completeness of denervation were restricted to measurement of reflex changes in arterial pressure and heart rate. We did not measure blood flow and thus could not determine changes in peripheral resistance. We feared that the implantation of blood flow probes would limit long-term survival of the animals.
Two procedures were used to test for residual baroreceptor reflexes-bilateral occlusion of the common carotid arteries and intra-aortic administration of vasoactive drugs. The first of these could be accomplished easily by occluding the two carotid arteries (one in a skin tube and the other immediately under the skin) with the fingers. The procedure caused no apparent discomfort or change in the animals' behavior. The latter test was carried out (1) before and during block of the vagi with local anesthetic, and (2) with and without atropine (0.1 to 0.2 mg/kg). (Atropine block was considered complete if a dose of 0.5 mg of atropine, given 5 minutes after a prior dose, produced no further rise in heart rate.) If there was an increase in arterial pressure of more than 15 mm Hg or an increase in heart rate of more than 10 beats/min following carotid occlusion, the carotid sinuses were considered to be innervated. A change of 15 mm Hg or 10 beats/min was chosen because it stands out clearly against the background changes in blood pressure and heart rate in denervated animals. If heart rate increased by more than 10 beats/min after injection of 0.8 mg of nitroglycerin, or decreased more than 10 beats/min after injection of 0.4 mg of phenylephrine, we considered that arterial baroreceptor reflexes were functional. If a change in heart rate was seen following injection of vasoactive drugs after atropine had been administered but was not seen after vagal block, this indicated that there probably were functioning aortic receptors. Obviously, without measurements of resistance we cannot always detect the presence of residual arterial baroreceptors. After section of intrathoracic vagal branches, the absence of a change in heart rate may be due to the extensive cardiac motor denervation.
Data Analysis
The mean values and standard deviations of the recorded variables were computed, and the paired t-test and Wilcoxon's signed rank test were performed on the differences in mean values and standard deviations before and after sino-cervical aortic denervation and sino-thoracic denervation. The ttest for two means and analysis of variance also were used to compare the differences between the control animals, the animals with sino-cervical aortic denervation, and those with sino-thoracic denervation. Wilcoxon's test was used because the distribution of the variance of beat mean arterial pressure was such that a nonparametric test seemed useful.
Results

Variability of Arterial Pressure after Denervation
After denervation, arterial pressure rose immediately and showed very large fluctuations during the first few recording sessions. Mean pressure increased in some animals and decreased in others over the first 1 or 2 weeks after the final denervation procedure. Mean pressure usually varied by 10 to 20 mm Hg but might vary by as much as 50 mm Hg between sessions. Beyond this period, between-session variations were smaller and no consistent pattern of change in mean pressure was observed. Consequently, only measurements taken more than 18 days after the denervation were considered in computation of values presented here.
Sino-Cervical Aortic Denervation
Studies were completed in 12 dogs with sinocervical aortic denervation. Prior to denervation, these animals had a mean control arterial pressure of 95.5 ± 9.3 mm Hg and a standard deviation of 7.9 ±1.1 mm Hg. After denervation, the mean pressure was 105.5 ± 9.5 mm Hg and the standard deviation was 13.7 ± 4.2 mm Hg. The higher mean pressure and larger standard deviation were both statistically significant (P < 0.05). Mean pressure was higher in nine animals and lower in three. Table 1 summarizes these findings and shows changes in heart and respiratory rates. Note that the standard deviation of heart rate is reduced.
Carotid Sinus Denervation plus Section of Intrathoracic Vagal Branches
Sino-thoracic denervation was produced in five animals by section of the carotid sinus nerves and the intrathoracic vagal branches. In another six animals, the cervical aortic nerves also were sectioned. In all of these, mean arterial pressure and the standard deviation of arterial pressure showed significant increases from control values ( Table 2 ). The differences in the mean pressure and standard deviation between the two groups of animals with sino-thoracic denervation, one with and the other without section of the cervical aortic nerves, are not significant (t-and F-tests).
For the combined group of 11 animals subjected to sino-thoracic denervation, the control mean pressure (before baroreceptor denervation) averaged 94.2 ± 7.4 mm Hg, and the standard deviation averaged 8.4 ± 2.2 mm Hg. After denervation, mean pressure was 119.7 ± 16.8 mm Hg, 25.3 ± 16.7 mm Hg higher than in the control state. The standard deviation of beat mean arterial pressure increased by 10.6 ± 3.6 mm Hg. Both increases were highly significant (P < 0.001). Mean pressure was higher in 10 animals and lower in one, while the standard deviation was greater in all animals. The heart rate was also higher, undoubtedly due to the section of vagal motor branches. Respiratory rate was unchanged. Table 3 summarizes values of beat mean arterial pressure, heart rate, and respiratory rate in the intact animals and in the animals after carotid sinus denervation plus section of thoracic vagal branches. The standard deviation of heart and respiratory VOL. 48, No. 4, APRIL 1981 The top section of the table shows mean blood pressure and its average standard deviation; the bottom section shows the mean of the standard deviation of blood pressure and its standard deviation.
Significant by paired t-test: 'P < 0.05; "P < 0.02; '*'P< 0.001. Significant by Wilcoxon's signed rank test: -fP < 0.05; tt-P < 0.01. rates is reduced. We cannot explain these changes or the changes in the standard deviation of heart rate in Table 1 .
Comparison of the Two Denervation Procedures
Mean pressure increased 15.3 mm Hg more following denervation of the carotid sinuses plus section of the vagal branches than it did following sino- 11.69 ±4.48'** These averages combine 3 to 20 75-minute recording sessions in each animal before and after denervation.
Significant by paired Mest: *P < 0.05; "P < 0.01; '"P < 0.002; ^P < 0.001. cervical aortic denervation. The difference was significant (P < 0.05) by both the t-and F-tests, as were the increases in pressure from the control state following each of the surgical procedures.
As indicated, six dogs subjected to sino-cervical aortic denervation survived subsequent intrathoracic denervation. The pressure was higher in four animals and lower in two after intrathoracic denervation than before. (The average mean pressure was 10.6 ± 5.8 mm Hg higher (P < 0.01).) These six animals showed no statistical difference from those subjected to carotid sinus denervation plus section of thoracic vagal branches. Values of beat mean arterial pressure from this group of six dogs studied serially are summarized in Table 4 . Figure 1 shows histograms of arterial pressure from one animal subjected to the two procedures.
Completeness of Denervation
All animals showed less than a 10 mm Hg rise in arterial pressure in response to bilateral carotid occlusion immediately after denervation (during surgery). After the animals had recovered from surgery, the responses in the awake animals were larger. The magnitude of the response to carotid occlusion was not correlated with the increase in mean pressure produced by the denervation.
Among the 12 animals studied after sino-cervical aortic denervation, there was no reflex response (less than 15 mm Hg) to carotid occlusion in eight, a small increase (15 to 30 mm Hg) in three, and a large increase (30 to 50 mm Hg) in one animal. After injection of nitroglycerin, increases in heart rate were seen in 10 animals, and decreases in heart rate following phenylephrine were seen in five of these 12 animals. As indicated, we compared the heart rate increases following nitroglycerin and the heart rate decreases following phenylephrine (1) when the animals were given atropine and (2) when the vagi were blocked. In six of the 10 animals that showed heart rate responses to nitroglycerin, heart rate responses were seen when motor vagal responses had been blocked with atropine, and these responses were attenuated or eliminated following vagal block. This indicated that these animals had functioning intrathoracic baroreceptors. Five of the 10 animals that showed an increase in heart rate following nitroglycerin also showed a decrease in heart rate following phenylephrine. In three of these five animals, the heart rate response to phenylephrine was similarly attenuated or eliminated by vagal block, but not by atropine. The heart rate responses following administration of vasoactive drugs prior to vagal block were only slightly different from those during atropine block in most of these animals. From the responses above, we concluded that at least 10 of 12 dogs with sino-cervical aortic denervation had reflex responses (the remaining two had no clear reflex responses) and that, of these 10 animals, seven had reflexes which originated from intrathoracic baroreceptors. Mean blood pressure was lower than in the control state in two of the three animals that had sizable residual reflexes and in one of the five animals that showed no residual reflexes.
In dogs with carotid denervation plus thoracic vagal denervation, carotid occlusion changed blood pressure by less than 15 mm Hg in five, and by more than 15 but less than 25 mm Hg in the remaining six animals. As indicated, six of these animals had been subjected to prior sino-cervical aortic denervation, and in four of these the response to occlusion was, on the average, 5 mm Hg larger after section of the vagal branches than before. This indicates that some baroreceptors were functional following sino-cervical aortic denervation. Tests with vasoactive drugs and with carotid occlusion during vagal block and after administration of atropine indicated that one animal still possessed detectable reflexes, apparently originating from intrathoracic baroreceptors. This is the only one in which pressure was lower than in the control state. Our tests for denervation of carotid sinuses with arterial pressure as "output" are reliable, but tests for functioning intrathoracic baroreceptors probably underestimate the number of innervated receptors, since they depend on heart rate changes which are minimized by cardiac denervation and are obscured by spontaneous heart rate fluctuation.
Reinnervation and Maintenance of Hypertension
Reflex responses to carotid occlusion returned in three animals between 127 and 282 days after the denervation. These responses were larger (25 to 35 mm Hg) and more consistent than the responses seen in these animals (5 to 15 mm Hg) in the first few months after denervation. Return of reflexes from aortic receptors after vagal branch section was not detected up to 583 days after denervation. However, respiratory sinus arrhythmia returned in seven of these animals over 35 to 327 days. This apparently results from reinnervation of the heart by vagal motor fibers.
Hypertension produced by this denervation was maintained for the duration of the observations, i.e., over 2 years. Figure 2 shows the change in mean arterial pressure following sino-thoracic denervation. Eleven animals were studied for 250 days following the denervation, and the study was continued for more than 500 days on four animals.
Discussion
Denervation of Carotid Sinus plus Section of Vagal Branches
Extensive denervation of arterial baroreceptors by section of the intrathoracic vagal branches combined with carotid sinus denervation caused an increase of 25 mm Hg in mean arterial pressure. The high pressure persisted from 9 months to 2 years. The standard deviation of mean pressure remained twice as large as in control animals. The increase in pressure varied from 6 to 44 mm Hg in the 10 animals, which showed no evidence of surviving intrathoracic baroreceptors. The wide range of pressure increase is probably not due to functioning carotid receptors, since the increase in mean pressure following the denervation was unrelated to the magnitude of the blood pressure rise with carotid occlusion. In earlier studies, we found that carotid denervation alone produces no changes in mean pressure (Ito and Scher, 1978) . Even though our denervation is as extensive as any in the liter- ature, we believe that there were often (perhaps always) functioning arterial baroreceptors.
After this denervation procedure, heart rate was high and changed little. There was little or no heart rate response to vasoactive drugs. Motor vagal denervation was undoubtedly important in these findings. The histogram of arterial pressure became wider and less bell-shaped (Fig. 1) , which probably reflects an absence of control.
Sino-Cervical Aortic Denervation
Animals with sino-cervical aortic denervation show less hypertension than the animals described above with section of the intrathoracic vagal branches. This agrees with our prior finding (Ito and Scher, 1973 ) that cervical aortic nerve section does not interrupt all aortic baroreceptor fibers in the dog. Evidence that it does not do so in other species (the rabbit and cat) is presented by Heymans and Neil (1958) and by Koch (1931) . McRitchie et al. (1976) found heart rate responses following injection of vasoactive drugs in 12 of 25 dogs subjected to sino-cervical aortic denervation. They eliminated these from their study. We found such responses in 10 of 12 dogs, but did not eliminate them from further study. This may account for the fact that McRitchie et al. found a slightly higher arterial pressure in their animals than we did after this procedure. In most of the dogs examined in our previous study (Ito and Scher, 1973) , we found fibers from aortic baroreceptors in the main cervical vagal trunk. Our testing procedure could only underestimate the number of surviving aortic baroreceptors. Certainly, the combined results of our studies and those of McRitchie et al. indicate that sino-cervical aortic denervation does not produce total arterial baroreceptor denervation in all animals.
In our studies, the (elevated) mean pressure often decreased over a few weeks following sino-cervical aortic denervation, and the decrease usually was accompanied by a slight reduction in the standard deviation of beat mean arterial pressure. It is possible that reflexes from remaining aortic baroreceptors may be changing (increasing control) over this period. This is also a possible cause of the fact that the histogram of mean blood pressure becomes more bell-shaped with time ( Fig. 1) .
Responses to Carotid Occlusion
We found little or no responses to carotid occlusion in these animals at the time of carotid denervation. After sino-cervical aortic denervation, we saw responses to carotid occlusion in four of 12 animals. After the more extensive intrathoracic denervation plus carotid denervation, we saw responses in five of 11 animals.
Our carotid denervation was carefully performed. We identified the carotid sinus nerve by recording its firing in all animals, and then sectioned it. In dogs that showed responses to carotid occlusion after a first denervation procedure, we redenervated the carotid sinus region by separating the carotid artery and its branches from all surrounding tissue and applying phenol to all vessels in the area. Even this did not always eliminate responses to carotid occlusion. Thus, in some animals, the carotid sinuses appear "anatomically" denervated, but there are responses to carotid occlusion. We do not know of any other study of the effects of carotid occlusion conducted in awake animals well after carotid denervation. De Sousa Pereira (1974) has reported structures that stain like arterial baroreceptors on intracranial blood vessels, including the branches of the circle of Willis. If these are functional, it would be difficult or impossible to denervate them. If there are functional arterial baroreceptors in hypertensive animals, this seems to us to strengthen the idea that denervation causes hypertension, since a more complete denervation would be accompanied by a further rise in pressure.
Cardiopulmonary Receptors
The higher mean arterial pressure following the intrathoracic denervation procedure might in part be considered to reflect loss of activity from nonarterial intrathoracic baroreceptors (cardiopulmonary receptors). However, no significant increase in mean pressure is seen following cardiac denervation in the otherwise intact dog (Glick et al., 1964; Gregg et al., 1972; Noble et al., 1972) . Section of intrathoracic vagal branches (with carotid sinus baroreceptors intact) causes an increase of 17 mm Hg in mean arterial pressure (Ito and Scher, 1979) . Section of the cervical aortic nerves alone with carotid sinus reflexes intact produces a statistically significant (7 mm Hg) increase in mean arterial pressure (Ito and Scher, 1979) . These findings suggest, but do not prove, that the effect on arterial pressure of section of fibers that are not from arterial baroreceptors is small. However, as discussed by Donald and Shepherd (1978) , vagal block after denervation of the carotid sinus and after section of the cervical aortic nerves in acute studies produces a rise in pressure. They considered these responses due to block of activity from nonarterial (cardiopulmonary) baroreceptors, since heart rate responses to changes in pressure produced by vasoactive drugs were not seen prior to vagal block in some of these acute studies.
In a study of chronically instrumented, conscious dogs, Bishop and Peterson (1978) found an increase in arterial pressure in response to vagal cold block in animals with carotid sinus denervation and with nerves stripped from the aortic arch. They felt that these surgical procedures had substantially denervated arterial baroreceptors, since reflex heart rate responses to pressor agents were abolished or markedly attenuated. It is not clear that their "aortic" denervation procedure would have reached the or- VOL. 48, No. 4, APRIL 1981 igin of the right subclavian artery, the major site of aortic baroreceptor fibers which run in the right vagal trunk. However, their tests suggest that there was substantial functional denervation of aortic receptors.
The possibility exists that there is interaction between arterial and cardiopulmonary receptors. A recent study by Takeshita et al. (1979) did not uncover such interaction in human heart rate control. Nevertheless, part of the rise in pressure with carotid denervation plus section of vagal branches might reflect the denervation of cardiopulmonary receptors. It appears unlikely that this is true of the hypertension that Ferrario et al. (1969 ), McRitchie et al. (1976 , and we see with sino-cervical aortic denervation.
Lesions of the Nucleus Tractus Solitarii (NTS)
In the cat, NTS lesions produce a chronic, labile hypertension (Nathan and Reis, 1977) . In the dog, the hypertension produced by these lesions exceeds that produced by sinoaortic denervation during the first 2 weeks after surgery (Laubie and Schmitt, 1979) . In the latter paper, the recording periods did not appear to be as long as ours or as those of Cowley et al. (1973) . Laubie and Schmitt (1979) found that NTS lesions interrupt the sensory fibers from cardiopulmonary as well as arterial receptors. The increased pressure from these central lesions might indicate that there is an interaction of cardiopulmonary and arterial receptors in the control of pressure, but the changes in pressure with time after surgery in these studies make such a hypothesis tentative. It is possible that NTS lesions are functionally different from lesions of peripheral receptors.
Diastolic and Systolic Pressure Changes
Recently, we had occasion to examine mean diastolic and systolic pressures in five animals which survived 200 or more days after carotid sinus denervation plus section of intrathoracic vagal branches (these are shown in Table 5 ). It is obvious that both systolic and diastolic pressures rise following denervation. These animals show larger pressure increases than those discussed earlier in this paper. The fact that their arterial pressures are higher than in the larger group does not necessarily indicate that all of the animals would have shown a similar progression of hypertension.
Hypertension following Baroreceptor Denervation
The confusion in the literature concerning the development of hypertension following arterial baroreceptor denervation appears to us to be due largely to variability in the extent of aortic baroreceptor denervation and to the variety of surgical procedures used in the various studies. When records are taken over a long period of time, well after surgery, in a quiet environment to which the animals are accustomed and at a fixed time of day, pressure increases are smaller than when short records are taken. In either case, there is hypertension. Table 6 indicates the control and post-denervation pressures seen in a number of recent and older "studies. It is interesting that the older studies uniformly show higher control pressures and higher pressures after denervation. This may reflect the fact that records were taken for short periods, animals were often brought to the laboratory and restrained during an arterial puncture, etc. The psychological factors about which Cowley and coworkers (1973) speculated may have been important here. In the recent studies in which pressure is recorded painlessly and with minimal psychological stress, arterial pressure is lower, both in the control and in the post-denervation states. Details of the procedures are not clear in all older studies. In many of these studies (Nowak, 1940; Grimson, 1941; Schafer, 1944; Thomas, 1944; McCubbin and Page, 1951; Dammin et al., 1956) ; mean blood pressure exceeded 200 mm Hg for months and years in 60% to 100% of the animals subjected to baroreceptor denervation. Each of these studies reported loss of animals due to achalasia. In studies in which little or no maintained increase in mean arterial pressure was reported, gastrointestinal problems are not mentioned (Koch and Mattonet, 1934; Goldblatt et al., 1940; Liard et al., 1974; Cowley and Guyton, 1975; Kezdi and Kordenat, 1976) . We observed no achalasia in our animals after sino-cervical aortic denervation, but lost four animals to achalasia after section of the intrathoracic vagal branches. This may indicate that, with more extensive aortic denervation, both gastrointestinal problems and hypertension are more common. Achalasia is an unavoidable side effect of extensive section of vagal branches. Cowley et al. (1973) found an average increase of 11.1 mm Hg in pressure in 15 dogs after carotid denervation combined with section of the medial bundle of the right vagus, left cervical vagotomy, and stripping of intrathoracic arterial vessels. A majority of the animals in the first study seemed to have appreciably higher pressure (about 150 mm Hg) than was seen in our animals after denervation, but many showed no increase in mean pressure. Their denervation procedures were based on anatomical studies of Aumonier (1972) and thus preceded the description by Coleridge et al. (1973) of aortic baroreceptors at the root of the aorta. It is possible that this region or the origin of the right subclavian artery was not uniformly denervated in their animals. Further, the cervical aortic nerve on the right was not identified by recording its electrical activity. In summarizing several of his studies, Cowley (1976) found "no significant difference" between the mean 24-hour arterial pressures of intact and baroreceptor-denervated dogs. Cervical aortic nerve section alone does not denervate all aortic 117.4 ± 9.9 153.2 ± 24.9* Significant by paired (-test: 'P < 0.02; "P < 0.01. receptors (Koch, 1931; Heymans and Neil, 1958; Scher, 1973, 1974) . Ferrario et al. (1969) found an increase in pressure of 31 mm Hg after sinocervical aortic denervation. We accept the interpretation of Heymans and Neil (1958) that surgical procedures that do not produce hypertension probably do not completely denervate carotid and aortic receptors. However, this interpretation is somewhat clouded by the fact that the more extensive denervation procedures which destroy vagal fibers also denervate cardiopulmonary receptors and other structures, which might alter blood pressure.
Several studies have discussed the importance of psychogenic stimuli during the measurement of pressure (Gregg et al., 1937; Ferrario et al., 1969; Cowley et al., 1973) . In all of the older studies in which direct pressure recordings were made by arterial puncture (Nowak, 1940; Grimson, 1941; Schafer, 1944; Thomas, 1944; McCubbin and Page, 1951; Dammin et al., 1956) , the dog was restrained and the femoral artery punctured percutaneously without anesthetic. The recording sessions lasted only a few minutes. Ferrario et al. (1969) found that mean pressure was 44 mm Hg higher in the awake dog when pressure was measured by percutaneous femoral arterial puncture than when the pressure was measured through a chronically implanted catheter. In a brief study, however, we found no maintained rise in pressure in awake animals following acute femoral arterial puncture. Nevertheless, our observation that hypertension follows denervation agrees with the results of Ferrario et al. (1969) . In our animals, pressure was slightly higher in the recumbent than in the standing position (1.2 mm Hg higher in the animals with sino-cervical aortic denervation, 3.0 mm Hg higher in the more extensively denervated animals). The changes were not significant.
The hypertension seen in our animals and in other studies after arterial baroreceptor denervation (sino-cervical aortic denervation) seems to us to indicate that arterial baroreceptors normally maintain long-term mean arterial pressure. Cardiopulmonary receptors might exert similar long-term control. The increased standard deviation of arterial pressure after denervation results from moment-to-moment fluctuations in pressure. These fluctuations are not present in the normal animal, as we and others (Cowley et al., 1973; Ferrario et al., 1969; Thomas, 1944) have seen. We agree with Cowley et al. (1973) that arterial baroreceptors normally minimize short-term fluctuations of pressure around the mean, but we believe (and disagree with Cowley, 1976 ) that arterial baroreceptors also exert long-term control of arterial pressure.
It is interesting that in our studies and in those of Cowley et al. (1973) , some animals with an increased standard deviation of pressure do not show hypertension. Complete, or nearly complete, baroreceptor denervation or total loss of baroreceptor sensitivity does not appear to be a possible cause of human essential hypertension, since human hypertensives can regulate their arterial pressure. However, in a prior study (Ito and Scher, 1979) , we produced maintained hypertension in the dog following the two aortic denervation procedures described above (with carotid sinus receptors intact!). Our results, we believe, leave open the possibility Ito & Scher McRitchie et al., 1976 Cowley, 1976 Cowley et al., 1973 Ferrario et al., 1969 McCubbin & Page, 1951 Schafer, 1944 Thomas, 1944 Grimson, 1941 Nowak, 1940 Green et al., 1935 Control ( Table 3 of this paper, (n) = number of animals; NS = ' Maximal diastolic pressure during recording session. not significant.
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CIRCULATION RESEARCH VOL. 48, No. 4, APRIL 1981 that a decrease in arterial baroreceptor sensitivity or loss of arterial baroreceptors might be a cause of or a contributor to some human hypertension. These results and past studies also indicate that arterial baroreceptors are important in long-term regulation of arterial pressure.
